The application of asymmetric Schottky barrier and electrode area in an MgZnO metal-semiconductor-metal (MSM) solar-blind ultraviolet photodetector has been investigated by a physical-based numerical model in which the electron mobility is obtained by an ensemble Monte Carlo simulation combined with first principle calculations using the density functional theory. Compared with the experimental data of symmetric and asymmetric MSM structures based on ZnO substrate, the validity of this model is verified. The asymmetric Schottky barrier and electrode area devices exhibit reductions of 20 times and 1.3 times on dark current, respectively, without apparent photocurrent scarification. The plots of photo-to-dark current ratio (PDR) Recently, solar-blind photodetectors (SBPDs) have become attractive for their versatile applications in missile warning, space-to-space communications, and flame monitoring [1] [2] [3] [4] . MgZnO is a promising material for fabricating SBPDs due to the large tunable bandgap energy (3.3-7.8 eV) [5] , high radiation hardness [6] , and low growth temperature [7] . Compared to p-n, p-in and Schottky structures, a metal-semiconductor-metal (MSM) [8] [9] [10] [11] photodetector is the critical component in receiver optoelectronic integrated circuits (OEICs) because of its lower intrinsic capacitance and suitability for monolithic integration. Up to the present, there have been a number of experimental reports on MgZnO MSM photodetectors for ultraviolet (UV) applications [12] [13] [14] . Unfortunately, a relatively large dark current observed in these detectors would result in additional power dissipation and undesirable poor signal-to-noise ratio as an increasingly serious problem. So far, some studies have been carried out to suppress the dark current such as incorporating a wide bandgap layer within the metalsemiconductor (MS) contacts [15] and utilizing sulfur co-implantation and segregation [16] . In addition, the asymmetric Schottky barrier and electrode area could also be adopted to reduce the dark current, which has been demonstrated on Si, Ge [17] [18] [19] , GaN [20], and SiGe/Si heterojunction [21] MSM photodetectors. However, a systematic investigation on the effects of asymmetric electrode structures on MgZnO MSM photodetectors' performance, particularly on the dark current suppression, is still not available.
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In this Letter, a 2D numerical simulation program for an MgZnO MSM UV detector is developed from the driftdiffusion model, in which the Poisson's equation and time-dependent current continuity equations are utilized. The electron mobility model is obtained from a threevalley Monte Carlo method combined with first principle calculations using the density functional theory. Numerical simulation and experimental data of symmetric and asymmetric MSM detectors of ZnO substrate were compared to demonstrate the accuracy of the 2D model. The effects of asymmetric Schottky barrier and electrode area of MgZnO MSM detector are also discussed in detail based on the physical model. The results indicate that the asymmetric MgZnO MSM structures could effectively suppress the dark current and raise the photo-to-dark current ratio (PDR).
The unit cells of symmetric, asymmetric Schottky barrier, and electrode area of MgZnO MSM detector for simulation are shown in Figs. 1(a)-1(c) , respectively. To understand the realistic behavior of carriers and electric fields in MSM PDs, the Poisson's equation combined with the electron and hole time-dependent current continuity equations are solved on a 2D domain [8, 22] . The Shockley-Hall-Read model is used to simulate the generation recombination process of the carriers. The optical generation rate considering the thickness of the active region is used to describe the generation of light via vertical photon beams. Figure 2 shows the calculated electron mobility of Mg 0.5 Zn 0.5 O and its fitted curve. The electron mobility characteristics are achieved from the relationships of the drift velocity and applied electric field by a threevalley Monte Carlo model. The electronic band parameters are obtained by the first principle calculations using the density functional theory [23] . The acoustic phonon deformation potential scattering, polar optical phonon scattering, intervalley scattering, ionized impurity scattering, and alloy scattering are considered. It can be seen that the mobility increases sharply under lower electric field. With the increase of electric field, the mobility achieves a saturation point and then decreases gradually. For simplicity, the hole mobility is assumed to be constant, which is independent of the electric field [24] .
The basic equations, including the Poisson's equation and continuity equations along with proper boundary conditions in the analyzed region, can be solved with the same scheme in [8] . Newman conditions are applied for the surface and both sides. At the Schottky contacts, the Dirichlet boundary conditions of potential and continuity equations are imposed.
The epilayer structure of our devices is 2 μm thick Mg 0.5 Zn 0.5 O, which was deposited on ZnO substrate by homemade magnetron sputtering [3] . The MSM structure photodetector was designed and fabricated on this MgZnO thin film. Interdigital Au (200 nm) finger electrodes were obtained through conventional photolithography and lift-off process for the symmetric structure. For the MSM detector with different Schottky contact metals, Au was deposited first to make one side of the MSM structure. Then the other Schottky contact (Pt) was fabricated by a similar process. For the asymmetric area device, an MSM structure with an asymmetrical ratio of 1∶3 in the electrode area was designed and fabricated. The current-voltage characteristics of the fabricated detectors were measured using a Keithley 6514 high-resistance electrometer.
When an MSM photodetector with a structure of contact 1/MgZnO/contact 2 is biased in normal operation, one of the contacts (C1) is reverse biased and the other (C2) is forward biased. Under the lightly doped conditions, the thermionic emission is the dominant process in the current transport. The electron current comes about because of the thermionic emission of electrons from C1, and the hole current is due to thermionic emission of holes at C2. If the thermionic emission analysis is used and the tunneling current is ignored, the analytic equation defining the total dark current density can be expressed:
where
The I-V characteristics of symmetric and asymmetric MSM MgZnO PDs with different workfunction metals under dark and illumination at 260 nm are shown in Fig. 3 . Au was replaced by Pt at the contact 1 (ΔΦ ≈ 0.51 eV) to build the asymmetric structure. The simulated dark current characteristics of Au-Au symmetry and Au-Pt asymmetry structures are found to be consistent with the experimental data, which confirms the effectiveness of our numerical model. It can be found that the photocurrents of the detectors are identical in all cases. This is due to the fact that the internal electric field of Schottky junctions achieves the electron-hole pairs separation, and photocurrent carriers in the semiconductor are swept into C1 and C2; hence the photocurrent is not related to both electron and hole barrier heights. Under 10V bias, the Au-Au symmetry structure has a dark current of 
× 10
−10 A, but for the Au-Pt asymmetry structure, the lower dark current of 1.28 × 10 −12 A is observed. The simulated dark currents of the asymmetric MSM structures with ΔΦ 0.05 eV and ΔΦ 0.30 eV were also given in Fig. 3 . It is seen that a lower dark current can be achieved with the asymmetric electrodes, and the more ΔΦ is increased, the lower dark current is obtained. This can be interpreted as follows: Φ Bp2 is large in the MgZnO MSM detector and the hole current term, which is several orders smaller than the electron current, has almost no effect on total dark current for all bias range. Hence higher electron barrier heights Φ Bn1 will result in a smaller dark current in MSM photodetector, taking the advantage of asymmetry.
In addition to the I-V characteristics, the ratio of detector photocurrent to dark current (PDR I photo ∕ I dark ) refers to the performance evaluations as an optically controlled electronic switch. The PDR at 5 V bias voltage for all structures are illustrated in Table 1 . Obviously, the asymmetric MSM PDs show a substantial enhancement in PDR than the symmetric one. It is seen that the highest PDR of 26974.76 is achieved in the asymmetric structure with the ΔΦ increased by 0.51 eV, whereas 244.45 in the symmetric device. Utilization of asymmetric Schottky barrier scheme can suppress the dark current without decreasing the photocurrents, which leads to an effective enhancement of PDR.
After that, the idea of applying an asymmetric electrode area to the lower dark current has also been investigated. The dark current characteristics of MgZnO MSM PDs versus asymmetric electrode area are shown in Fig. 4 . The asymmetry level is defined as the ratio of the two electrode contact areas. The electrode spacing and the total contact area of the detector remain constant when we change the asymmetry level. It can be seen that dark current of the symmetric structure is highest and is decreased gradually to the most asymmetric one. The simulated dark current for S 0 (1∶1) is about 1.43× 10 −10 A, and drops to 1.34 × 10 −10 A for S1 (1∶3) at 10 V bias voltage, which are in a good agreement with the experiments. For an asymmetric photodetector, the same current flows through the electrodes with a given applied voltage, which meets the current continuity requirements. So the current density at the small-area contact (C1) is higher than that of the larger one (C2). As a result, a larger electric field is obtained under the small electrode contact area, and the depletion layer width would encroach toward the large electrode contact area, thus decreasing the reach-through voltage. As we know, flat-band voltage can be obtained with further increase in the applied voltage, and the device normally works in the situation that the applied voltage is larger than the flatband voltage. In this case, the bias is almost totally applied to C1, and the MSM PD equals to a reverse-biased Schottky diode. Thus, the asymmetric structure has a lower saturation voltage and smaller dark current compared with the symmetric one, as can be seen in Fig. 4 .
The PDR versus applied bias is plotted in Fig. 5 . It can be seen that the PDR decreases with the growth of the bias voltage due to the increasing dark current. Moreover, the PDR of asymmetric structures is higher than that of the symmetric one at a given bias voltage and it enhances with the raise of the asymmetry level. This is due to the effective suppression of dark current by the asymmetric electrode area system without costing a reduction in photocurrent.
In summary, theoretical and experimental analyses of MgZnO MSM SBPDs are performed. The electron mobility characteristics of Mg 0.5 Zn 0.5 O are achieved by a threevalley ensemble Monte Carlo model combined with first principle calculations using density functional theory. For asymmetric Schottky barrier and contact area devices, the dark currents are nearly 20 and 1.3 times lower than that of the symmetric structure, and the enhancement of PDR is ascribed to the effective suppression of dark current without decreasing the photocurrents. The results indicate that these asymmetric MSM-PDs are promising candidates for applications in low noise and voltage photodetectors for OEICs.
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